Pais-Vieira M, Kunicki C, Tseng PH, Martin J, Lebedev M, Nicolelis MA. Cortical and thalamic contributions to response dynamics across layers of the primary somatosensory cortex during tactile discrimination. J Neurophysiol 114: 1652-1676, 2015. First published July 15, 2015 doi:10.1152/jn.00108.2015.-Tactile information processing in the rodent primary somatosensory cortex (S1) is layer specific and involves modulations from both thalamocortical and cortico-cortical loops. However, the extent to which these loops influence the dynamics of the primary somatosensory cortex while animals execute tactile discrimination remains largely unknown. Here, we describe neural dynamics of S1 layers across the multiple epochs defining a tactile discrimination task. We observed that neuronal ensembles within different layers of the S1 cortex exhibited significantly distinct neurophysiological properties, which constantly changed across the behavioral states that defined a tactile discrimination. Neural dynamics present in supragranular and granular layers generally matched the patterns observed in the ventral posterior medial nucleus of the thalamus (VPM), whereas the neural dynamics recorded from infragranular layers generally matched the patterns from the posterior nucleus of the thalamus (POM). Selective inactivation of contralateral S1 specifically switched infragranular neural dynamics from POM-like to those resembling VPM neurons. Meanwhile, ipsilateral M1 inactivation profoundly modulated the firing suppression observed in infragranular layers. This latter effect was counterbalanced by contralateral S1 block. Tactile stimulus encoding was layer specific and selectively affected by M1 or contralateral S1 inactivation. Lastly, causal information transfer occurred between all neurons in all S1 layers but was maximal from infragranular to the granular layer. These results suggest that tactile information processing in the S1 of awake behaving rodents is layer specific and state dependent and that its dynamics depend on the asynchronous convergence of modulations originating from ipsilateral M1 and contralateral S1.
barrel cortex; dynamics; thalamocortical loop; cortical loop modulations RATS CONTINUOUSLY USE their facial whiskers to gather information from their surroundings (Vincent 1912) . Anatomical studies have shown that the trigeminal brainstem complex (Ma 1991) , the ventral posterior medial (VPM) nucleus of the thalamus (Van Der Loos 1976) , and the primary somatosensory cortex (Woolsey and Van der Loos 1970 ) are characterized by clusters of neurons (termed barrelets, barreloids, and barrels, respectively) that closely mimic the whisker pad organization. In anesthetized animals, neurons recorded from a barrel demonstrate a preferential response to tactile signals resulting from the mechanical displacement of a specific facial whisker (Welker 1971 (Welker , 1976 . These findings have led to the notion that somatosensory processing is strongly dependent on a feed-forward component in which tactile information received through each whisker to the S1 is preserved throughout these pathways (Land et al. 1995; Petersen and Diamond 2000; Simons et al. 1984) .
More recently, several groups have shown that, in addition to this feed-forward component, the complexity of tactile information processing is also dependent on modulations provided by multiple cortical loops (Guo et al. 2014; Kinnischtzke et al. 2014; Lee et al. 2008; Pais-Vieira et al. 2013b ). For example, in awake animals, somatosensory processing is significantly affected by cortical loop modulations that reflect past experience (Nicolelis and Chapin 1994; Wiest et al. 2010) , ongoing motor activity (Fanselow et al. 2001; Hill et al. 2011; Pais-Vieira et al. 2013b ), reward expectations , and interhemispheric integration .
Additionally, these studies have demonstrated that somatosensory processing is also layer specific (Krupa et al. 2004 ) and that, in control conditions, neural dynamics may drastically change during the course of a tactile discrimination task (PaisVieira et al. 2013b) . Although these studies indicate that somatosensory processing is dependent on time and network state as defined by the thalamocortical and cortical loop activity (Ghazanfar and Nicolelis 2001; Nicolelis 2011) , there is presently no detailed description of the layer-specific dynamics present during the course of a tactile discrimination task. Here we specifically hypothesized that somatosensory processing dynamics in S1 are layer specific and dependent on the contribution of cortical loops from ipsilateral M1 and contralateral S1. For this, we investigated layer-specific processing of information in S1 while freely behaving rats performed an active tactile discrimination task . Populations of individual S1 neurons were simultaneously sampled at different cortical depths along vertical microelectrode penetrations that covered all cortical layers (Krupa et al. 2004; Pais-Vieira et al. 2013b) . Selective inactivation of ipsilateral M1 or contralateral S1 was used to address the role of each region in S1 tactile information processing (Pais-Vieira et al. 2013b; Shuler et al. 2001 Shuler et al. , 2002 . Overall, we observed that, during the course of a trial, individual neurons located in different S1 layers exhibited a wide diversity of firing rate modulations, stimulusdriven responses, and patterns of synchronizations with each other that could be modulated by ipsilateral M1 or contralateral S1 inactivation. These physiological disparities encountered across supragranular, granular, and infragranular layers were state and behavioral context dependent and indicate a fundamental role for cortical loops from both ipsilateral M1 and contralateral S1 in tactile information processing.
MATERIALS AND METHODS
Subjects and behavioral task. Long Evans female rats weighing between 250 and 350 g were used in all experiments. Animals from experiments involving recordings associated with M1 inactivation (control, saline, and muscimol), bilateral S1 recording in saline conditions, and VPM/posterior nucleus of the thalamus (POM) recordings have been used in a previous study (Pais-Vieira et al. 2013b ). Hereon, we will refer to the control condition to indicate pooled neurons from both control and saline experiments. The active tactile discrimination task ) required animals to discriminate between a wide or narrow aperture to receive a water reward. At the beginning of each session, animals were placed in the behavioral box compartment called the outer chamber, where they waited for the central door to open and allow access to the second compartment, the inner chamber. After the animal entered the inner chamber, it had to use its whiskers to touch the edges of an aperture, formed by computer-controlled bars (hereafter referred to as the discrimination bars). The width of this aperture varied from trial to trial. Rats had to judge the aperture diameter and then nose poke the center of the front wall. Animal presence near the discrimination bars and near the front wall was detected by a photobeam. The nose poke in the inner chamber opened two water reward pokes located in the outer chamber from which the animal had to select one. The reward poke on the right corresponded to the wide aperture, whereas the poke on the left corresponded to the narrow aperture. As the animal chose a reward poke, the door separating the inner and outer chambers closed. Correct responses were rewarded by 50-l water rewards, after which both reward pokes were closed. Incorrect responses were followed by their immediate closing. The aperture was set for a new trial 5-8 s after the reward pokes were closed. The animal's performance was measured by calculating the percentage of trials performed correctly during a session.
Multielectrode implants. After the animals were trained in the behavioral task, microelectrodes were surgically implanted in multiple cortical areas. The animals were given access to water for a period of at least 24 h before surgery and for at least 7 days after the surgery. Cannula-microelectrode bundles and/or arrays of electrodes were implanted in the M1 and S1. Six animals received unilateral implants in both M1 and S1. Five animals were implanted in S1 bilaterally, and three animals had bilateral implants in M1 and S1. Two additional animals used for control experiments were bilaterally implanted in S1 and unilaterally implanted in M1.
Craniotomies were made and arrays lowered at the following stereotaxic coordinates for each area: S1 (anteroposterior, Ϫ1.5 to Ϫ3.5 mm; mediolateral, ϩ5.0 to ϩ6.5 mm; dorsoventral, Ϫ0.2 mm), M1 (anteroposterior, ϩ2.0 mm; mediolateral, ϩ2.0 mm; dorsoventral, Ϫ1.5 mm), according to reference anatomical planes (Paxinos and Watson 1998) . To build our recording arrays, microwires were spaced by 250 or 300 m and lowered to a maximum of Ϫ1.8 mm (supragranular: Ϫ401.6 Ϯ 14.0 m; granular: Ϫ805.9 Ϯ 15.0 m; infragranular: Ϫ1272.0 Ϯ 39.0 m).
Histological verification of recording sites was made using Nissl staining, cytochrome oxidase, or immunohistochemical staining for glial fibrillary acidic protein.
Electrophysiological recordings. A multineuronal acquisition processor (64 channels; Plexon, Dallas, TX) was used to record neuronal spikes, as previously described .
Briefly, neural signals were recorded differentially, amplified (20,000 -32,000ϫ) , filtered (filtering band between 400 Hz and 5 kHz), and digitized at 40 kHz. Up to four single neurons per recording channel were sorted online (Sort Client 2002; Plexon) . Online sorting was validated offline using Offline Sorter 2.8.8 (Plexon) according to the following cumulative criteria: 1) signal-to noise ratio Ͼ2.5 (as verified on the oscilloscope screen), 2) Ͻ0.1% of interspike intervals smaller than 1.0 ms, and 3) stereotypy of waveform shapes, as determined by a waveform template algorithm and principal component analysis. These cumulative criteria were complemented with inspection of metrics of the quality of single-unit isolation in freely behaving animals (J3, Davis-Bouldin, F, and Pseudo-F) (Nicolelis et al. 2003) . Local field potentials (LFPs) were acquired from the same electrodes simultaneously by band-pass filtering the raw signal (0.3-400.0 Hz), preamplified (1,000ϫ), and digitized at 1,000 Hz using a digital acquisition card (National Instruments, Austin, TX) and a multineuronal acquisition processor (Plexon).
In S1, microelectrodes were lowered from an initial position of Ϫ0.2 mm. Steps of at least 62.5 m were employed to move the microelectrodes after similar numbers of control, saline, and muscimol sessions were recorded (typically 2) or when a very small number of units was recorded in one session. It is possible that the same units were repeatedly recorded by the same electrode in different sessions. However, we did not assume that the same units were recorded on each channel on different days because muscimol inactivation very often was associated with masking and unmasking of neurons in M1 and the other areas recorded, making it difficult to judge whether a waveform reappearing after a muscimol session belonged to the same or different neuron.
Inactivation with muscimol. To inactivate M1 or S1, muscimol (500 ng in 500 nl of saline) or saline (500 nl) was slowly injected unilaterally with a microperfusion precision pump (Harvard Apparatus, Holliston, MA) for a period of 4 min under isofluorane anesthesia or in awake, freely behaving animals in an open field (in 4 animals). This dose of muscimol inactivates an injected cortical volume for 6 -8 h (Krupa et al. 1999; Martin 1991; Shuler et al. 2001 Shuler et al. , 2002 . The inactivation effect was confirmed by an absence of action potentials on the electrodes surrounding the injected area.
The sequence of control, saline, and muscimol sessions was randomly changed in the same animals to avoid any possible bias.
Data analysis. Neuronal data obtained from a total of 151 recording sessions were processed and analyzed using NeuroExplorer (version 3.266; NEX Technologies, Madison, AL) and custom scripts written in Matlab (7.9.0; Mathworks, Natick, MA). A trial was defined as the period from Ϫ2.0 to 2.0 s relative to the time when the rat broke the photobeam at the discrimination aperture. The beam break was defined as time ϭ 0 s in all analysis and figures presented. Statistical significance of neural responses was evaluated using a method based on cumulative-summed spike counts (Gutierrez et al. 2006; Wiest et al. 2005) . The period of Ϫ1.5 to Ϫ0.5 s was used as a baseline in this test. Depending on the firing rate change, firing rate modulations were classified as facilitated, suppressed, or multiphasic (i.e., a combination of rate increases and decreases). The proportion of single units presenting each type of firing modulation was compared using 2 tests. For statistical tests with two or more comparisons, we divided the ␣ value by the number of comparisons (up to a maximum of 3 comparisons, corresponding to ␣ ϭ 0.0167); otherwise we used ␣ ϭ 0.05. The magnitude of the firing rate modulations was defined as the average difference in firing rate between the period of interest and the background. The duration of the firing rate modulations was defined as the time interval during which the firing of a unit significantly deviated from the background. Comparisons of characteristics of neuronal firing rate modulations for different conditions were performed using nonparametric tests (Mann-Whitney-Wilcoxon or Kruskal-Wallis).
State maps of significant neuronal modulations dynamics. To characterize layer-specific neuronal activity patterns across multiple behavioral epochs during a trial, data were pooled from all subjects employed in control studies, including those that received saline injections. Neuronal data from each trial were time aligned when the rats entered the aperture. Increased and decreased significant neuronal discharges were counted in sequential 10-ms time bins and normalized to the maximum value across all bins. A final pair of values, consisting of the fraction of suppressed and the fraction of facilitated firing rate modulations, was then obtained for each time bin. These normalized pairs of values were then plotted in a state space, where the x-axis and y-axis, respectively, represented the fraction of facilitated and suppressed firing rate modulations. From top to bottom and left to right, each of the four quadrants in the state space represented firing rate modulations that were prominently suppressed (Q1), suppressed and facilitated (Q2), had no firing modulations (Q3), and were facilitated (Q4). These pairs of responses were then studied in 10 different windows of 250 ms, corresponding to the different behavioral epochs of a trial. We analyzed responses occurring before (anticipatory: Ϫ500-0 ms), during (discrimination: 0 -250 ms), and after whisker contact with the tactile stimulus (response: 250 -1,000 ms; reward: 1,000 -2,000 ms). As a complementary measure for the dynamics observed in the state map, the Euclidean distance between neuronal state maps was compared using a repeated-measures ANOVA followed by Bonferroni corrections for individual trial period comparisons. In panels depicting the Euclidean distance, the values were smoothed with a moving average of 25 bins (corresponding to 250 ms), solely for ease of presentation. All statistical comparisons of Euclidean distances were performed using 10-ms bins within a specific trial period. Bootstrapping of the Euclidean distances was performed to determine a confidence interval for chance in expected distances.
To allow for a better visualization of the continuous changes occurring in the neuronal populations recorded from the different structures, the state maps of facilitated and suppressed activity have been converted to theta angles revolving around the center of the state map (the coordinates 0.5 and 0.5 in abscissa and ordinate axis, respectively). The area occupied by each symbol was proportional to the magnitude of the responses. In this analysis, Q1 (suppressed) in the state map corresponds to the area between 91 and 180°, Q2 (suppressed and facilitated) corresponds to the area between 0 and 90°, Q3 (no modulation) corresponds to the area between 181 and 270°, and Q4 (facilitated) corresponds to the area between 270 and 360°.
Prediction of neuronal state during control conditions. The prediction of neuronal state maps during control conditions using the values from neuronal state maps from neurons recorded after M1 or S1 inactivation was performed separately for facilitated and for suppressed firing rate modulations. We will only describe here the prediction of suppressed firing rate modulations (the exact same procedure was applied to facilitated firing modulations). The fraction of suppressed firing rate modulations occurring in each 10-ms bin recorded from infragranular layers during the course of a complete trial was correlated to the fraction of suppressed firing rate modulations occurring in infragranular layers after M1 inactivation, and an overall R 2 value was determined. The same procedure was then performed for the fraction of suppressed firing rate modulations present in neurons recorded from infragranular layers after S1 inactivation. Lastly, we calculated a third set of values, which corresponded to the average between suppressed firing rate modulations occurring after M1 inactivation and suppressed firing rate modulations occurring after S1 inactivation for each 10-ms bin. To test whether M1 and S1 inactivation had opposite effects in suppressed firing rate modulations, we compared the prediction made by the average of both fractions to the predictions made by either inactivation alone. The average values of each predictor were correlated to the fraction of suppressed firing rate modulations present during control conditions. Thus three different comparisons were made, one using neural state maps recorded after M1 inactivation, one using neural state maps recorded after S1 inactivation, and another one with the average of neural state maps recorded from neurons after M1 and S1 inactivation.
Stimulus-related information. The presence of stimulus-related information in neuronal activity was studied using a classifier. The input to our classifier was computed as follows: for each trial that a rat discriminated the aperture (wide/narrow) correctly, the time of the discrimination event in the trial was considered time 0, and the spike train of a neuron from time 0 to 2 s was binned with multiresolution time scales (10, 20, and 40 ms). The spike counts at the different resolution scales were concatenated to a long vector as the input of the classifier. An L1-regularized support vector machine (Vapnik 1995) was used as the classifier (Matlab implementation with LIBLINEAR) (Fan 2008) . The L1 regularization avoided the overfitting problem in training a classifier when the number of variables (spike count bins) was larger than the number of samples (trials) (Tibshirani 1996) . The classifier also balanced the unequal numbers of the correct wide/ narrow trials by assigning different weights to misclassified cost. To evaluate whether a neuron encoded information of wide/narrow aperture, we compared the classification accuracies obtained from the correct class labels (narrow/wide) against that obtained from the shuffled class labels (chance level). We performed 10 runs of 10-fold, 2-level cross-validation on the data with both true and permuted class labels with the same fold structure and tested the resulting accuracies by paired t-test with Bonferroni's corrections to determine whether a neuron encoded the information. The two-level cross-validation prevented bias in estimating the classification accuracies. The first level put one fold aside as the testing data, and the remaining nine folds were the training data. In the second level, we performed a ninefold cross-validation on the training data to determine which cost value (100.0, 10.0, 1.0, or 0.1) gave the classifier the best performance on the training data. The cost value was next used to train the classifier on the whole training data and to test on the testing data. The classifier next identified cells that could differentiate the aperture. The overall amount of information encoded after the whiskers contacted with the tactile discriminanda during a trial was studied in all cells and was calculated as the difference between the shuffled class labels (chance level) and the amount of information encoded by the neuron. KruskalWallis tests were used to compare information content between different conditions. The ␣ value was corrected according to the number of comparisons performed.
RESULTS
All experimental procedures were approved by the Duke University Institutional Animal Care and Use Committee. Fourteen female Long-Evans rats were surgically implanted with movable microelectrode arrays and/or infusion cannulae in S1 and M1 in various configurations. All subjects learned to perform a tactile discrimination task as previously described . Briefly, animals actively used their facial whiskers to determine whether an aperture, whose diameter could vary between 54 and 78 mm, was wide (78 mm) or narrow (54 mm). After making that discrimination, rats had to move to a reward chamber and nose poke either the left or right ports (for narrow and wide aperture, respectively) to receive a 50-l water reward (Fig. 1, A-D) . Incorrect responses ended the trial.
Layer-specific patterns. Single-unit activity was recorded with arrays of microelectrodes implanted in S1. A total of 1,246 single S1 neurons were sampled in 151 recording sessions. Of these, 404 neurons were recorded in the supragranular layers, 506 in the granular layer, and 301 in the infragranular layers (see Figs. 1, E and F, and 2, A and B, for histological preparation).
Multielectrode recordings were obtained while rats performed a tactile discrimination task (Fig. 1A) . Initially, we noticed that task-related firing rate modulations (Fig. 1B) , which were found in 79% of neurons (Table 1) , were fundamentally different across the cortical layers. Cortical layers differed in the proportion of neurons with firing rate increases, decreases, and multiphasic firing modulations (composed of increases and decreases) observed during the different epochs that define a single task trial (Table 1) . For example, whereas neuronal firing rate modulations recorded from the granular layer were frequently characterized by a sequence of suppression/facilitation/suppression (Fig. 1B, middle) , neurons located in the infragranular and supragranular layers exhibited distinct patterns of firing rate increases and decreases ( Fig. 1B and Table 1 ). Moreover, the overall magnitude of firing rate modulations was stronger (P Ͻ 0.001; Kruskal-Wallis with post hoc Dunn's test) in the infragranular layers (2.7 Ϯ 0.1 spikes/ trial) than in the granular (2.2 Ϯ 0.1 spikes/trial) and supragranular layers (2.3 Ϯ 0.1 spikes/trial) (Fig. 1C) . Additionally, the duration of firing rate modulations depended on the layer (P Ͻ 0.0001), with the longest modulations observed in the infragranular layers (215.3 Ϯ 9.0 ms) followed by granular (191.5 Ϯ 7.0 ms) and supragranular (162 Ϯ 8 ms) layers (Fig.  1D) . Notice that the duration of these firing rate modulations is much longer than those observed in anesthetized animals (Krupa et al. 2004) . Altogether, these initial results indicated that neuronal firing rate magnitude, duration, and temporal modulation pattern were all layer specific.
Modulations across trial epochs. We also measured how neuronal firing pattern modulations varied across different S1 layers during the different time epochs (anticipatory, tactile discrimination, animal behavioral response, and reward periods; Fig. 1A ) that define a single task trial. State maps (see MATERIALS AND METHODS for details) were employed to characterize the differences in neuronal firing rates observed in supragranular, granular, and infragranular layers (Figs. 3 , A-J, and 4, and Supplemental Video S1; supplemental material for this article is available online at the Journal of Neurophysiology website) across these sequential trial epochs. The background of each plate in Fig. 3 depicts (in gray lines) the space occupied by four different quadrants representing the fraction of neuronal firing modulations along a trial epoch. These include prominently suppressed firing modulation (Q1, top left), suppressed ϩ facilitated (Q2, top right), no firing modulation (Q3, lower left), and predominantly facilitated (Q4, lower right).
Detailed analysis of Fig. 3 traces revealed a clear difference in dynamics for each specific cortical layer of the rat S1 cortex. For example, during the anticipatory period (Ϫ500-0 ms, Fig.  3A) , an epoch in which rats approached the tactile discriminanda, the state map trajectory for the granular layer (black Fig. 1 . Layer-specific activity during tactile discrimination. A: active tactile discrimination task with different behavioral epochs, respectively: baseline (gray), anticipatory (cyan: Ϫ500-0 ms), discrimination (green: 0 -250 ms), response (red: 250 -1,000 ms), and reward (yellow: 1,000 -2,000 ms) periods. B: perievent raster histograms from representative cells recorded from different depths in S1. BB, beam break in the discrimination bars (time ϭ 0 s). Multiple different types of neuronal firing rate modulations were found. These neuronal firing modulations could be facilitated or suppressed and were present in all layers at all different periods of the task. C: layer-specific differences in magnitude of facilitated firing modulations during a trial. Neurons recorded from layers V/VI presented the largest neuronal firing rate modulations, followed by firing modulations recorded from layers II/III, and lastly by the ones recorded from layer IV. D: duration of neuronal firing modulations was layer specific during tactile discrimination. Neurons recorded from layers V/VI presented the longest facilitated firing modulations, followed by neurons recorded from layer IV, and lastly by neurons recorded from layers II/III. Error bars represent SE. *P Ͻ 0.05, **P Ͻ0.01, ***P Ͻ 0.001. E: example of 3 electrode tracks in the S1 cortex barrel field (S1BF). Note that the electrode tracks are orthogonal to the cortical surface and extend throughout multiple layers. The arrows indicate the point of entry in the cortical surface. The asterisks indicate places where the electrode tracks are present but not as clearly visible. LV, lateral ventricle. F: same histological preparation as E magnified to show the electrode tracks indicated by asterisks in E. dots) stretched from Q3 to Q2, indicating an elevation in both facilitated and suppressed firing modulations (Fig. 3, A and B) . At the same time, the trajectory for supragranular (yellow dots) and infragranular neuron (red dots) layers stretched from Q3 to the lower right quadrant (Q4), indicating a larger fraction of anticipatory facilitated firing modulations. Thus, during the anticipatory epoch, supragranular (II/III) and infragranular layer (V/VI) neuronal firing modulations did not follow those of granular layer neurons.
During the discrimination period (Fig. 3C , 0 -250 ms), an epoch in which rats sampled the aperture width, granular layer neurons (black dots) made a transition to the quadrant representing predominantly facilitated firing modulations (a shift from Q2 to Q4). Meanwhile, neurons in the supragranular (yellow dots) and infragranular (red dots) layers remained mostly in the facilitated firing modulation quadrant. Again, supra and infragranular neurons exhibited firing patterns that were distinct from cells located in the granular layer.
As rats began to produce a behavioral response (250 -500 ms), granular neuron-firing modulations extended from the border of the purely facilitated quadrant Q4 to the border of the solely suppressed quadrant Q1 (Fig. 3D and Supplemental Video S1). Infragranular neurons very closely matched those in the granular layer, crossing Q2 (the facilitated and suppressed quadrant), but stopped short of reaching the border of Q1. Meanwhile, supragranular neurons defined a distribution of firing patterns that spread from Q4 (purely facilitated) to Q2 (mix of suppressed and facilitated quadrant) and also avoided crossing the border to Q1. This specific supragranular pattern was characterized by an overall reduction in the number of facilitated neuronal firing modulations (see x-axis left displacement in Fig. 3D ) compared with other layers.
During the subsequent behavioral response epoch (Fig. 3E , 500 -750 ms), the firing modulation patterns of granular and supragranular neurons stretched from the top border between Q1 and Q2 (close to the maximum suppressed modulation value) toward the Q1 center (the suppressed quadrant) and occasionally crossed to Q2. During the same period, infragranular neurons stayed mostly within the Q2 or moved from Q2 toward Q1, close to the center of all four quadrants.
The last epoch (750 -1,000 ms) of the animal behavioral response ( Fig. 3F ) was characterized by granular layer neurons spreading from the border of Q1 and Q2 (close to the center of all 4 quadrants) toward Q4 (the facilitated quadrant), via the Q3. Conversely, the firing modulation of supragranular neurons spread from Q1 to Q3 (no modulations quadrant) and remained there close to the border of Q4. Meanwhile, infragranular neurons stretched from Q1 (close to the center of all 4 quadrants) to Q4 (the facilitated quadrant) and remained there for most of this period. When we analyzed the initial 750 ms of the reward period (Fig. 3 , G-I, 1,000 -1,750 ms), we noticed that the firing modulations of granular neurons (black dots) initially moved from the Q3 to Q4, remained mostly in Q4, and then slowly stretched toward the border between Q4 and Q2 (mixed suppressed/facilitated quadrant). Meanwhile, infragranular neurons (red dots) gradually moved from Q4 to Q1 (suppressed quadrant) and remained there until the end of the trial. In contrast, supragranular neurons remained in the Q3-Q4 border (initially more in Q3 and then more in Q4) during the first half of the reward period. For the next 250 ms, supragranular neurons remained close to the center of all four quadrants, occupying mainly Q2 and Q4.
By the end of the reward period ( Fig. 3J , 1,750 -2,000 ms), granular layer neurons remained mostly in Q2 (the facilitated/ suppressed quadrant), close to the border with Q4. Meanwhile, supragranular layer neurons stayed located close to the center of all four quadrants, primarily at the intersection of Q2-Q3-Q4. In total opposition, infragranular layer neurons clustered primarily in Q1. The leftmost column of the table shows the fraction of cells with firing rate modulations during a trial for each layer (% modulated). In every layer, a very large proportion of cells presented facilitated, suppressed, or multiphasic (a combination of both types) firing rate modulations during the task. The three columns in the right show the different proportions of neurons that presented each type of firing modulation. Multiphasic modulations were more likely to occur in layers V/VI (also see 2 test for statistical significance). *P Ͻ 0.01. Fig. 3 . Layer-specific dynamical neuronal modulations. Each colored circle depicts simultaneously the fraction of facilitated (Fac) and suppressed (Sup) neuronal firing rate modulations in a 10-ms bin. Neuronal state maps calculated for layers II/III (yellow circles), layer IV (black circles), and layers V/VI (red circles) are presented. As depicted in gray in A, from top to bottom and left to right, the 4 quadrants indicate firing rate modulations that are prominently: Q1, suppressed; Q2, suppressed and facilitated; Q3, no firing modulations; and Q4, facilitated. A-J: different trajectories of neuronal state maps of granular, supragranular, and infragranular layers are clear in A and B. Additionally, note that in G-J (which are associated with intense whisker stimulation) a large fraction of neuronal firing modulations recorded from layer IV are in the lower right quadrant (facilitated responses), whereas very different neuronal firing modulations occur in layers V/VI (which initially are in the facilitated responses quadrant but gradually shift toward the suppressed quadrant; Q4 to Q1). K: Euclidean distances between neuronal state maps of different S1 layers. As suggested by the different trajectories in the state maps, the largest Euclidean distances between neuronal state maps of layer IV and neuronal state maps of layers V/VI (highlighted red line) were found during the anticipatory (Ϫ0.5-0 s) and the reward period (1.0 -2.0 s), where the firing rate modulations concentrated in different quadrants for long periods. Euclidean distances between neuronal state maps of layers II/III and layer IV (black line) were maximal during the anticipatory period. Euclidean distances between neuronal state maps of layers II/III and layers V/VI (gray line) were maximal during the anticipatory period. Neuronal state maps of all layers presented minimal Euclidean distances during the discrimination, animal behavioral response, and at the beginning of the reward period.
To further quantify the differences observed in the state space, we next measured the distance between clusters formed by the neuronal firing patterns in different cortical layers (Fig.  3K , the dashed black line indicates the confidence interval). Multiple significant differences in Euclidean distances were found between state maps in all epochs (black line: layers II/III vs. layer IV; red line: layers V/VI vs. layer IV; gray line: layers II/III vs. layers V/VI; P Ͻ 0.0001). No significant differences in Euclidean distances were found during the first half of the anticipatory epoch (Fig. 3A , Ϫ500 to Ϫ250 ms; P Ͼ 0.05, NS). However, large and significant Euclidean distances were identified during the late anticipatory period (Fig. 3B , Ϫ250-0 ms; P Ͻ 0.0001), indicating that supragranular and infragranular S1 neurons behaved significantly differently from those located in the granular layer during the late part of the anticipatory epoch.
During the discrimination epoch, the Euclidian distances between clusters from granular, infragranular, and supragranular neurons were similar (P Ͼ 0.05, NS). However, significant differences were found in the first two-thirds of the animal's response epoch (Fig. 3, D and E, 250 -750 ms, P Ͻ 0.01 and P Ͻ 0.001, respectively). The opposite pattern was observed when the Euclidean distance between granular and supragranular layer neurons (black line) was analyzed, i.e., they initially diverged but later became very close. Meanwhile, no significant differences in Euclidean distances between the three groups were found during the last part of the response period (Fig. 3F , 750 -1,000 ms, P Ͼ 0.05, NS).
Large Euclidean distances were observed when the reward epoch was analyzed (1,000 -2,000 ms). During the early part of this epoch, the Euclidean distance between granular and infragranular neurons (red line) was smaller than the distance between granular and supragranular neurons (black line) (Fig.  3 , G, H, and K; 1,000 -1,500 ms, P Ͻ 0.0001 and P Ͻ 0.05, respectively; black line). As the trial progressed, the Euclidean distance between infragranular and granular neurons became larger than the one obtained for granular and supragranular neurons (Fig. 3 , I-K; 1,500 -2,000 ms, P Ͻ 0.0001 and P Ͻ 0.001, respectively; red line).
Overall, this detailed state map analysis revealed that the rat S1 cortex exhibited layer-specific dynamics that changed during the course of a tactile discrimination task trial.
S1 neurons reflect VPM or POM dynamics.
To determine to what extent the lemniscal and paralemniscal pathways may have contributed to neuronal firing modulations in the rat S1 during the task epochs, we compared the dynamics of granular layer S1 neuron-firing modulations with those of 394 neurons recorded from the VPM (Pais-Vieira et al. 2013b) in 10 additional rats. Overall granular layer neurons (black dots) and VPM (green dots) behaved very similarly although some differences could be found in specific trial periods (see Supplemental Video S2, Figs. 5, A-K, and 6, A-C). For example, during the second half of the anticipa- Fig. 4 . Theta angle analysis of S1 layer state maps. The x-axis represents time (Ϫ0.5-2.0 s). The y-axis corresponds to the change in degrees (measured as a theta angle) for the markers presented in the state maps, revolving around the center of the 4 quadrants (coordinates facilitated: 0.5 and suppressed: 0.5). Here, Q2, Supp/Fac, corresponds to the angles between 0 and 90°(bottom of panel); Q1, Supp, corresponds to the angles between 90 and 180°(2nd from the bottom); Q3, No, corresponds to the angles between 180 and 270°(3rd from the bottom); and Q4, Fac, corresponds to the angles between 270 and 360°(upper part of the panel). The size of the markers corresponds to the magnitude of the response. Major differences between the theta angles of the S1 layers can be observed in the anticipatory and reward periods.
tory period (Fig. 5, Ϫ250 -0 ms), while granular neurons occupied mostly Q2 (mixed facilitated/suppressed quadrant), the firing modulations of VPM neurons were found in all four quadrants. The discrimination period (Fig. 5C , 0 -250 ms) was characterized by a quick displacement of both VPM and granular neurons from Q2 (mixed facilitated/ suppressed modulations), toward a maximum fraction of facilitated sensory-evoked responses in Q4. This firing rate increase matched the moment whiskers made contact with the tactile discriminanda.
During the first third of the animal behavioral response period (Fig. 5D, 250 -500 ms), VPM and granular layer S1 Fig. 5 . Ventral posterior medial nucleus of the thalamus (VPM) and granular layer share many dynamical neuronal modulations. Each colored circle depicts simultaneously the fraction of facilitated and suppressed neuronal firing rate modulations in a 10-ms bin. Neuronal state maps of layer IV (black dots) and VPM (green dots) are shown. A-J: neuronal state maps calculated from neurons recorded in VPM and layer IV of S1 were similar during several periods of the active tactile discrimination task. Major differences were found during the 1st part of the response period (250 -500 ms) and during most of the reward period (1,250 -2,000 ms). K: Euclidean distance between neuronal state maps of different S1 layers and neuronal state maps of VPM. As suggested by the trajectories in the state map, neuronal state maps of layer IV are closer to neuronal state maps of VPM (black line) during the anticipatory and part of the animal behavioral response period. Euclidean distances between neuronal state maps from layers II/III and VPM (blue line) were maximal during the anticipatory period. Euclidean distances between neuronal state maps from layers V/VI and VPM (red line) were maximal during anticipatory, discrimination, and part of the animal behavioral response periods.
neurons behaved very differently. Whereas the firing patterns of granular layer neurons stretched from the border of Q2-Q4, via Q2, toward the border of Q1-Q2, VPM neurons spread from Q4 to Q1, via the border of Q3-Q4, until they reached the vicinity of the center of all four quadrants. During the second third of the animal behavioral response period (Fig. 5E , 500 -750 ms), both structures shared similar firing patterns, whereas, in the final third (Fig. 5F , 750 -1,000 ms), VPM and granular neurons exhibited a large reduction in the fraction of suppressed modulations.
The reward period (Fig. 5 , G-J, 1,000 -1,250 ms) revealed the larger differences in firing behavior between VPM and granular neurons. This reached a maximum during the final half of this epoch (Fig. 5, H and I, 1, 750 ms) .
By measuring Euclidean distances, we were able to quantify how similar VPM and S1 granular neurons behaved over the Fig. 6 . Discrimination (Dis) and reward (Rew) periods are associated with facilitated firing rate modulations in the lemniscal pathway. The figure depicts peristimulus time histograms (PSTHs) of single neurons recorded from layer IV (A), layers V/VI (B), and VPM (C). The red boxes indicate the discrimination (0 -250 ms) and reward periods (1,000 -2,000 ms). A: PSTHs of the neurons presented in this column were all recorded in the same session. Increases in the firing rate that correspond to intense whisker stimulation are generally present during both discrimination and reward periods. B: PSTHs of the neurons presented in this column were all recorded in the same session. Note that increases and decreases in firing rate occur at multiple time periods that may or may not match the discrimination and reward periods. C: PSTHs of the neurons presented in this column were all recorded in the same session. As observed in layer IV of S1, discrimination and reward periods were characterized by intense whisker stimulation, which was associated with increases in the firing rate of a large fraction of neurons in VPM.
course of a task trial (Fig. 5K , black lines, also see Fig. 7 , A-C; note that the same data are presented in Figs. 5K and Fig. 7 , to allow comparison of multiple structures and time epochs; these plots are segmented differently only for ease of presentation, and error bars are not shown in cases where variability was too small for depiction). Thus, during the anticipatory period (Ϫ500 -0 ms), the distance between VPM and granular layer neurons was initially very small but later became larger (Ϫ250 -0 ms). This distance kept increasing during the discrimination period (0 -250 ms) and reached its maximum value during the first third of the animal behavioral response period (250 -500 ms). During the rest of the behavioral response period, the Euclidean distance remained at its minimum values (500 -1,000 ms). The first half of the reward period (1,000 -1,500 ms) was characterized by a large increase in the distance of the two clusters. Although this distance decreased during the second half of the reward period (1,500 -2,000 ms), it remained significantly large.
The Euclidean distance between the VPM and S1 supragranular layers (II/III) neuronal clusters (Fig. 5K , blue line; the dashed black line depicts the confidence interval, also see Fig.  7A ) also exhibited multiple differences across the task trial. Whereas the distance was small during the first half of the anticipatory period (Ϫ500 to Ϫ250 ms), it quickly increased and reached its maximum during the second half of this period (Ϫ250 -0 ms), remaining very large during the discrimination period (0 -250 ms) and the first third of the behavioral response period (250 -500 ms). This VPM-II/III distance was small during the second and final third of this epoch (500 -1,000 ms) and during the reward period.
The Euclidean distance between VPM and S1 infragranular layer (V/VI) neurons (Fig. 5K , red line; also see Fig. 7C ) was also small during the first half of the anticipatory period (Ϫ500 to Ϫ250 ms), but it quickly increased during its second half (Ϫ250 -0 ms). Although a reduction was found during the discrimination period (0 -250 ms), the distance between these two clusters remained large, again increasing during the first part of the behavioral response period (250 -500 ms). Then, a quick reduction in distance was observed during the second part of the behavioral response period (500 -750 ms). Thereafter, the Euclidean distance increased slowly during both the remaining behavioral response period (750 -1,000 ms) and the reward period (1,000 -2,000 ms).
Comparison of the Euclidean distance between neuronal response clusters from different S1 layers and POM (Fig. 7 , A-C) (n ϭ 398 neurons in 10 rats), also from a previous study (Pais-Vieira et al. 2013b) , showed that the neuronal cluster from S1 infragranular layers had the smallest Euclidean distance to the POM cluster during most of the temporal structure of the trial. The largest difference was observed during the Fig. 7 . Euclidean distances between neural state maps of S1, VPM, and the posterior nucleus of the thalamus (POM). Each panel depicts the Euclidean distance between neural state maps of a different structure and the neural state maps of VPM and POM. Error bars were not shown in cases where variability was too small for depiction. Each bin corresponds to a 250-ms interval. A: supragranular layers presented neural state maps that were closer to neural state maps of POM (i.e., smaller Euclidean distances) during the late anticipatory period (Ϫ250 -0 ms) and during the third part of the reward period (1,500 -1,750 ms). Neural state maps from supragranular layers were closer to those of VPM during the 3rd part of the animal behavioral response period (750 -1,000 ms). Meanwhile, no significant differences could be found in the remaining periods. B: neural state maps for layer IV were closer to neural state maps for VPM during the late anticipatory period (Ϫ250 -0 ms) and during the 3rd part of the animal behavioral response period (750 -1,000 ms). Meanwhile, neural state maps for layer IV presented smaller Euclidean distances to neural state maps for POM during the 1st part of the animal behavioral response period (250 -500 ms) and during most of the reward period (1,250 -2,000 ms). C: neural state maps for the infragranular layers were closer to neural state maps for POM during the late anticipatory period (Ϫ250 -0 ms), during the discrimination period (0 -250 ms), during most of the animal behavioral response period (250 -750 ms), and during the whole reward period (1,000 -2,000 ms). Although the Euclidean distance between the neural state maps for layers V/VI and POM was closer during the discrimination period, the dynamical stretches between quadrants suggest that neuronal state maps from layers V/VI more accurately reflect the overall dynamics of VPM during this specific epoch (see text for details). *P Ͻ 0.05, **P Ͻ0.01, ***P Ͻ 0.001. discrimination period (also see Fig. 8 , A-K and Supplemental Video S3 for comparison of state map).
It is noteworthy that, despite the anatomical proximity between POM and VPM, we found that each of these thalamic nuclei exhibited very distinct patterns of neurophysiological activity, supporting our previous histological and neurophysiological differentiation of these two nuclei for the same data (Pais-Vieira et al. 2013b). As VPM and POM presented neural state maps that more closely resembled layer IV or layers V/VI, respectively, we then compared the neural state maps of supragranular layers with neural state maps of VPM and POM (see Supplemental Video S4). For this comparison we did not assume a priori that state maps from each layer were closer to the state map of any specific thalamic nucleus. Analysis of the variation of Euclidean distances between layers II/III, VPM, and POM clusters across the trial epochs (Fig. 7A) revealed that the firing modulations of layer II/III neurons more closely resembled those of POM neurons during the anticipatory period, whereas they overlapped more with the VPM cluster during the animal behavioral response period (Supplemental Video S4; also see Fig. 7A ).
To further confirm these findings, we also correlated the fraction of facilitated modulations occurring in VPM or POM with each of the S1 layers. Although all S1 layers displayed multiple time periods in which the facilitated firing modulations of their neurons were positively or negatively correlated to either thalamic nucleus, facilitated modulations from layer II/III and layer IV neurons were generally correlated to their counterparts in the VPM (layers II/III: P Ͻ 0.0001; layer IV: P Ͻ 0.0001; Table 2 and Fig. 9, A and B) . On the other hand, facilitated firing modulations from layer V/VI neurons were generally correlated to equivalent modulations in the POM (layers V/VI: P Ͻ 0.0001, Table 2 and Fig. 9C) .
Modulations from cortical loops affect dynamic layer processing in the rat S1. To probe the potential cortico-cortical inputs responsible for S1 layer dynamics during tactile discrimination (Krupa et al. 2004; Nicolelis 2005 ; Pais-Vieira et al. 2013b), we further analyzed layer-specific neurophysiological properties during sessions in which either the ipsilateral M1 or the contralateral S1 were inactivated with muscimol injections (Pais-Vieira et al. 2013b). M1 or S1 inactivation induced physiological changes in neuronal firing rates that were more pronounced at the S1 infragranular layers (Tables 3 and 4) . Following M1 inactivation, an increase in firing rate magnitude occurred in the ipsilateral S1 infragranular layers (control: 2.40 Ϯ 0.10 spikes/trial; saline: 2.32 Ϯ 0.20 spikes/trial; muscimol: 3.18 Ϯ 0.30 spikes/trial; Mann-Whitney U ϭ 5,103; P ϭ 0.0113). In addition, the duration of the facilitated responses of these ipsilateral S1 neurons decreased (control: 202.9 Ϯ 18.8 ms spikes/trial; saline: 201.6 Ϯ 20.2 ms; muscimol: 152.0 Ϯ 18.7 ms; Mann-Whitney U ϭ 4,895; P ϭ 0.0031). S1 inactivation decreased the magnitude of facilitated sensory-evoked responses in neurons located in the infragranular layers of the contralateral S1 (saline: 3.136 Ϯ 0.200 spikes/ trial; muscimol: 2.409 Ϯ 0.200 spikes/trial; Mann-Whitney U ϭ 13,640; P ϭ 0.0036).
Following M1 or S1 inactivation, the dynamics of the neural state maps calculated for S1 infragranular layers presented multiple changes across different task epochs (see Figs. 10 , A-J, 11, A-L, and 12, A and B and Supplemental Video S5 for details). Whereas M1 inactivation (blue diamonds, Figs. 10, A-J, and 12A and Supplemental Video S5) induced considerable changes in all periods, the effect of S1 inactivation (yellow diamonds, Figs. 10, A-J, and 12B and Supplemental Video S5) was particularly powerful for the animal behavioral response and for the reward epochs. Comparison of Euclidean distances between distinct cortical layer clusters (Fig. 10K , the dashed black line depicts the confidence interval) revealed that M1 inactivation (blue line) induced its largest effect during both the discrimination epoch and the first two parts of the animal behavioral response period (discrimination, P Ͻ 0.001; animal behavioral response, P Ͻ 0.001, P Ͻ 0.05, and P Ͼ 0.05, n.s., respectively). S1 inactivation (red line) produced the largest impact during the third part of the reward period (reward period: P Ͼ 0.05, n.s.; P Ͼ 0.05, n.s.; P Ͻ 0.001; and P Ͼ 0.05, n.s.; respectively).
Directly comparing the neural state maps during the two periods characterized by intense tactile stimulation (i.e., discrimination and reward) revealed that, after M1 inactivation, the fraction of facilitated neuronal firing rate modulations observed in the S1 infragranular layer decreased (shift toward the left side in the x-axis during both periods), while the fraction of suppressed firing rate modulations increased only during the reward period. This finding indicates that M1 activity differentially affected S1 neuronal firing modulations during the discrimination (i.e., fewer facilitated sensory-evoked responses) and the reward (i.e., fewer facilitated and more suppressed sensory-evoked responses) periods. Meanwhile, S1 inactivation did not induce clear changes in neuronal firing rate modulations during discrimination, but, instead, it was associated with reductions in facilitated and suppressed neuronal sensory evoked responses during the reward period.
Overall, these results suggest the existence of a differential role for M1 and S1 cortical loop modulations during two periods of intense tactile stimulation (discrimination and reward). They also strongly indicate that a significant component of the neuronal firing modulations observed at the S1 infragranular layers during active whisker stimulation can be better accounted by a joint balance between modulations from M1 and bilateral S1 cortical loop modulations rather than by any of these afferents alone. S1 inactivation induces preferential lemniscal processing in infragranular layers. During regular control conditions (i.e., no inactivation), the neuronal sensory-evoked response clusters obtained from the S1 infragranular layers resembled mainly the dynamics observed at the POM. This suggested the existence Facilitated firing modulations occurring in layers II/III and layer IV were overall more correlated to facilitated firing modulations occurring in the ventral posterior medial nucleus of the thalamus (VPM), whereas facilitated firing modulations recorded from layers V/VI were generally more correlated to facilitated firing modulations recorded from the posterior nucleus of the thalamus (POM). The inactivation of contralateral S1 drastically changed the periods that facilitated firing rate modulations and were correlated between layers V/VI and VPM (compare V/VI muscimol to control condition). Despite this change, overall facilitated firing rate modulations still remained more correlated to POM. of a preferential influence of paralemniscal pathways on processing of information in infragranular S1 layers. However, during the discrimination period, the overall S1 pattern of layer activation was closer to the one observed in the VPM. Interestingly, the S1 supragranular layers constantly changed their activation pattern, matching the dynamic behavior of either the VPM or POM. These observations suggested to us that S1 processing in behaving rats can dynamically switch between preferential lemniscal and paralemniscal modes of operation throughout the time epochs that define a task trial.
We next measured the effects on S1 infragranular layers following contralateral S1 inactivation and compared them to the dynamics observed in the VPM and infragranular layers of S1 during the control condition (Figs. 11, A-J, and 12B ; also see Supplemental Video S6). Although S1 inactivation induced multiple sparse effects in the contralateral S1 infragranular layers, detailed analysis revealed a single major shift toward the dynamics observed in VPM (Fig. 11 , translational effects shown by black intermittent arrows; also see Supplemental Video S6). This POM-to-VPM shift occurred in 8 out of 10 behavioral periods analyzed (the only exceptions were the first anticipatory period and the discrimination period). Accordingly, Euclidean distances between S1 infragranular layers and POM clusters increased after S1 inactivation, whereas those between the S1 infragranular layers and VPM decreased (Fig.  11 , K and L, compare red line with black line). Notice that, during the tactile discrimination epoch, a period in which neuronal modulations recorded from all S1 layers were already suggestive of preferential lemniscal processing, contralateral S1 inactivation produced no clear effects.
We also compared how the fraction of increased neuronal responses from infragranular layers correlated to VPM and POM, before and after S1 inactivation. After S1 inactivation, facilitated sensory-evoked responses in contralateral S1 infragranular layers remained more correlated to POM than VPM, albeit with a much smaller value (Table 2 and Fig. 13, A and B) .
Overall, these results indicate that contralateral S1 afferents may provide a switch between preferential lemniscal or paralemniscal processing modes and further enhance the role of cortical loop modulations in layer-specific processing.
M1 and S1 inactivation induced opposite effects on S1. Comparison of the effects of M1 inactivation across the whole trial demonstrated an overall reduction in the facilitated firing modulations of infragranular S1 neurons (see x-axis displacements of blue diamonds vs. red dots in Fig. 10 and Supplemental Video S5). Additionally, comparison of the fraction of suppressed firing modulations in S1 infragranular layers during M1 or contralateral S1 inactivation suggested that these two cortical areas counterbalanced the effects of the other. This interaction was particularly marked during the animal's behavioral response period (250 -1,000 ms, see Fig. 10 and Supplemental Video S5).
To test the hypothesis that M1 and S1 controlled the magnitude of suppression in the S1 infragranular layers across different trial periods, we first determined whether there was any correlation between the amounts of inhibition exhibited by these cortical neurons during the control period and when M1 or S1 were inactivated (see Fig. 14, A-D , also see MATERIALS AND METHODS for details). As depicted in Fig. 14A , after either M1 (F 1,248 ϭ 105, P Ͻ 0.0001, R 2 ϭ 0.2974, open bar) or S1 responses from S1 layers and VPM were above or equal to 0. All layers of S1 presented multiple periods where the fraction of facilitated firing modulations were positively or negatively correlated with each thalamic nucleus; however, differences were found for each specific layer. Facilitated firing modulations occurring in layers II/III (A) and layer IV (B) were overall more correlated to excitatory firing modulations occurring in VPM, whereas facilitated firing modulations recorded from layers V/VI (C) were generally more correlated to facilitated firing modulations recorded from POM. The red dashed lines indicate the overall chance level for the R values.
inactivation (F 1,248 ϭ 136, P Ͻ 0.0001, R 2 ϭ 0.3010, shaded bar), suppressed firing modulation in S1 infragranular layers could only modestly predict the firing pattern of the same neurons during control conditions. That meant that M1 or S1 inactivation significantly disrupted inhibition exhibited by these S1 infragranular neurons.
We next examined whether the average suppression generated by S1 infragranular neurons after M1 or S1 inactivation could better predict the fraction of suppressed firing of the same cortical neurons during control conditions. As depicted in Fig. 14A (solid bar), the overall variation of suppressed neuronal modulations in the S1 infragranular layers was much better captured by the combination of M1 and S1 inactivation (F 1,248 ϭ 450.3, P Ͻ 0.0001, R 2 ϭ 0.6448). Thus infragranular S1 neurons that exhibited mainly suppression were more significantly influenced by the combined afferents from S1 and M1.
Meanwhile, when we examined the subpopulation of S1 infragranular neurons that exhibited mainly facilitated firing modulations during control conditions (Fig. 14B) , we noticed that the activity of these neurons provided a much better predictor of their own facilitated firing after the inactivation of M1 (F 1,248 ϭ 268.6, P Ͻ 0.0001, R 2 ϭ 0.5199, open bar) or S1 (F 1,248 ϭ 247.2, P Ͻ 0.0001, R 2 ϭ 0.5028, shaded bar). These higher predictive values indicated that state map-facilitated firing modulations in the S1 infragranular layers were not affected by the individual inactivation of either M1 or S1. However, when we performed the same analysis using a combined S1 and M1 inactivation, the prediction of these neurons for control-facilitated firing modulations in infragranular layer state maps also improved (F 1,248 ϭ 472.8, P Ͻ 0.0001, R 2 ϭ 0.6560; Fig. 14B , solid bar). This latter improvement, however, was much smaller than what was observed in the case of infragranular suppression (Fig. 14, A and B , compare open and shaded to solid bars). These results support the notion that a combined influence from ipsilateral M1 and contralateral S1 primarily controls the gain of suppressed firing modulations of infragranular S1 neurons and, secondarily, may also influence the gain of facilitated firing modulations in the same cells.
Sensorimotor information content is layer and epoch specific. Although the behavioral performance was affected by M1 inactivation (control: 83.06 Ϯ 1.00% correct; saline M1: 84.04 Ϯ 2.20% correct; muscimol M1: 75.41 Ϯ 3.80% correct; Values are means Ϯ SE. Inactivation of ipsilateral M1 or S1 contralateral to the recording site selectively modulated infragranular layers of S1. After M1 inactivation, an increase in the magnitude of facilitated firing rate modulations was observed, and a nonsignificant trend was observed in neurons recorded from the supragranular layers. After contralateral S1 inactivation, a reduction in the magnitude of facilitated firing rate modulations was observed in neurons recorded from the infragranular layers of S1. *P Ͻ 0.05, †P Ͻ 0.01. MWU, Mann-Whitney U-test. Values are means Ϯ SE. Inactivation of M1 selectively decreased the duration of firing rate modulations infragranular layers of S1. No clear effect was detected after S1 inactivation. *P Ͻ 0.01. F 4,139 ϭ 3.756, P ϭ 0.0062) as well as S1 inactivation (saline S1: 83.82 Ϯ 1.40% correct; muscimol S1: 75.95 Ϯ 1.90% correct; t ϭ 3.356, df ϭ 41, P ϭ 0.0017), all animals were able to perform the task above chance levels. Additionally, as neuronal firing rate modulations were fundamentally different across S1 layers and were dependent on afferents from cortical loops, we then asked whether aperture width, the main parameter rats had to discriminate during execution of our behavioral Fig. 10 . Cortical loop modulation of infragranular neuronal dynamics. Each colored circle or diamond depicts simultaneously the fraction of facilitated and suppressed neuronal firing rate modulations in a 10-ms bin. A-J: both M1 inactivation (blue diamonds) and S1 inactivation (yellow diamonds) were associated with multiple changes in infragranular neuronal state maps in multiple task periods. M1 inactivation induced an overall reduction in facilitated firing rate modulations (shift toward left quadrants) that was present during all periods of the task and a variable effect in the fraction of suppressed firing rate modulations (compare E to J). Contralateral S1 inactivation induced multiple changes in the neural state maps that could include fewer facilitated firing rate modulations (G) or multiple variations in the fraction of suppressed firing modulations (compare F to I and J). K: comparison of Euclidean distances between neuronal state maps of infragranular layers of S1 after contralateral S1 inactivation (red line) or ipsilateral M1 inactivation (blue line). M1 inactivation was associated with larger Euclidean distances in the neuronal state maps of infragranular layers. This distance was maximal during the discrimination and animal behavioral response periods (0 -500 ms). S1 inactivation induced the largest Euclidean distance during the reward period (1,250 -2,000 ms) and the smallest during the discrimination period (0 -250 ms).
task, was differently encoded across cortical layers (Krupa et al. 2004) . For this, we used a classifier and tested the amount of information above chance level that was present in sessions with neural activity recorded from supragranular, granular, or infragranular layers. As previously reported (Krupa et al. 2004; Pantoja et al. 2007; Wiest et al. 2010) , neural activity in all different layers contained sufficient information to decode the aperture width significantly above chance (see Fig. 15, open  bars) . The largest amount of trial-related information was found in infragranular layers (infragranular layers: 4.41 Ϯ Fig. 11 . Bilateral integration is associated with paralemniscal neuronal dynamics in infragranular layers. Each colored circle or diamond depicts simultaneously the fraction of facilitated and suppressed neuronal firing rate modulations in a 10-ms bin. Red circles represent neuronal state maps of layers V/VI in control conditions, yellow diamonds represent neuronal state maps of layers V/VI after contralateral S1 inactivation, and green circles indicate neuronal state maps of VPM. The black intermittent lines indicate the overall translational shift observed in the neuronal state maps after S1 contralateral inactivation. A-J: neuronal state maps of layers V/VI after contralateral S1 inactivation presented multiple shifts that were now closer to the neuronal state maps of VPM, suggesting that bilateral S1 integration may function as a switch between preferential lemniscal or paralemniscal modes of processing. K: during control conditions (black line), the Euclidean distance between neuronal state maps of layers V/VI and POM was smaller than after S1 inactivation (compare black to red line). L: after S1 inactivation, the Euclidean distance between the neuronal state maps of layers V/VI of S1 and VPM became closer (compare black to red line). Overall the inactivation of S1 increased the Euclidean distance between neural state maps of infragranular layers and POM and reduced the Euclidean distance between the neural state maps of infragranular layers and VPM. Mus, muscimol. 0.40% above chance; P Ͻ 0.0001) followed by supragranular (supragranular layers: 2.23 Ϯ 0.30% above chance, P Ͻ 0.0001) and granular layer (granular layer: 2.12 Ϯ 0.40% above chance, P Ͻ 0.0001).
Moreover, we found that, after inactivation of contralateral S1, neuronal information in layers II/III (P ϭ 0.4314, n.s., Fig. 15, solid bars) was not sufficient to decode the tactile stimulus above chance, whereas layer IV (P ϭ 0.0072, ␣ corrected ϭ 0.025) and layer V/VI neurons (P Ͻ 0.0001, ␣ corrected ϭ 0.025) could still be used to discriminate the tactile stimulus.
Inactivation of ipsilateral M1, however, affected information content in all S1 layers (supragranular layers: P ϭ 0.0445, n.s.; granular layer: P ϭ 0.21115, n.s.; infragranular layers: P ϭ 0.0393, n.s., ␣ corrected ϭ 0.025; Fig. 15,  shaded bars) .
These results demonstrated that infragranular layers presented the largest amount of trial-related information processing during the tactile discrimination task and that cortical loop modulations from M1 or contralateral S1 could reduce the amount of information processed in each layer.
Infragranular layers of S1 transfer information to granular layer. We next asked whether S1 infragranular layers played a causal role in information transfer. For this, LFPs were recorded simultaneously from all S1 layers in five rats. Granger causality (Granger 1969 ) was then calculated for all possible layer pairs in each trial. A large proportion of trials presented significant Granger causality, indicating that all layers exchanged information with one other (Table 5) . By comparing the proportion of trials in which statistically significant amounts of information were exchanged between layers, we observed that infragranular layer neurons transmitted significant amounts of information in almost every trial (layers V/VI to layer IV; 762/765 ϭ 99.61% trials). Meanwhile, granular layer neurons transmitted statistically significant amounts of information to infragranular layer neurons in approximately half of the trials (layer IV to layers V/VI: 365/765 ϭ 47.71% trials; 2 ϭ 530.94, P Ͻ 0.0001; ␣ corrected ϭ 0.008). Even less information was transferred from neurons in layer IV to neurons in layers V/VI during all task periods ( 2 test: anticipatory, P Ͻ 0.0001; discrimination, P Ͻ0.0001; animal behavioral response, P Ͻ0.0001; reward, P Ͻ 0.0001), and even during tactile stimulation in anesthetized conditions (n ϭ 2 rats) (P Ͻ 0.0001).
To exclude the possibility that one single source could be responsible for all the significant transfers of information, we further tested whether Granger causality remained stable across the multiple periods of the task. For that, we employed a bootstrap confidence interval followed by a oneway ANOVA with repeated measures. We found that the proportion of trials with significant Granger causality changed across time (P Ͻ 0.0001 for all layers), suggesting that multiple sources were responsible for the differences found in information transfer.
To identify which specific frequencies were involved in intracortical information transfer within S1, we also calculated Fig. 12 . Theta angle analysis of S1 layers after M1 or S1 inactivation. The x-axis represents time (Ϫ0.5 to 2.0 s). The y-axis corresponds to the change in degrees (measured as a theta angle) for the markers presented in the state maps, revolving around the center of the 4 quadrants (coordinates facilitated: 0.5 and suppressed: 0.5). Here, Q2, Supp/Fac, corresponds to the angles between 0 and 90°(bottom of panel); Q1, Supp, corresponds to the angles between 90 and 180°(2nd from the bottom); Q3, No, corresponds to the angles between 180 and 270°(3rd from the bottom); and Q4, Fac, corresponds to the angles between 270 and 360°(upper part of the panel). The size of the markers corresponds to the magnitude of the response. A: M1 inactivation (blue diamonds) induced multiple changes across the trial, of which the most clear is a reduction in the magnitude of modulations, that were more pronounced during the response period. Meanwhile, S1 inactivation (yellow diamonds) also induced multiple changes that were more pronounced during the response and the reward periods. B: overall effects of S1 inactivation suggest that the theta angles measured in the state maps of layers V/VI (yellow dots) became closer to VPM (green dots).
partial directed coherence (PDC) for the LFPs recorded from all layers across different behavioral periods (Sameshima and Baccala 1999) . Considering transmission between layer V/VI to layer IV neurons, we observed that information flowed more frequently through the gamma band ( 2 test, P Ͻ 0.0001), particularly during the response period (see Fig. 16A ). Additionally, to determine potential differences in the amount of information transferred intracortically during awake and anesthetized states, we compared the number of trials with significant PDC between layers. Neuronal activity recorded from layer IV presented a similar proportion of trials with significant PDC in both awake and anesthetized states (␦: P ϭ 0.058; : P ϭ 0.05; ␤: P ϭ 0.057; ␥: P ϭ 0.049; corrected ␣ value ϭ 0.0125, Fig. 16, A and B, top) . Meanwhile, layers V/VI exhibited very different proportions of trials with significant PDC in awake or anesthetized conditions (␦: P Ͻ 0.0001; : P Ͻ 0.0001; ␤: P Ͻ 0.0001; ␥: P Ͻ 0.0001; corrected ␣ value ϭ 0.0125; see Fig. 16, A and B, bottom) .
DISCUSSION
In this study, we recorded 2,038 units from all S1 layers and the two main thalamic nuclei (VPM and POM) of the rat trigeminal system to investigate the role of cortical loop modulations in S1 layer-specific neuronal ensemble dynamics as rats executed an active tactile discrimination task. To our knowledge, the findings reported here derive from the largest recording sample ever of thalamocortical neurons in awake behaving rats performing a tactile discrimination task. Our results demonstrated multiple dynamic modulations across S1 layers. Overall, neuronal ensembles recorded from supragranular and granular layers mostly reflected lemniscal (VPM) neural dynamics, whereas ensembles recorded from infragranular layers mostly reflected paralemniscal (POM) neural dynamics. In infragranular layers, M1 inactivation greatly reduced the fraction of facilitated firing rate modulations, whereas selective inactivation of contralateral S1 switched the patterns from POM-to VPM-like neural dynamics. Additionally, the effects of ipsilateral M1 inactivation counterbalanced the periods where suppressed firing rate modulations were affected by S1 inactivation. Analysis of tactile stimulus encoding revealed that neural ensemble activity in all S1 layers encoded significant amounts of information with maximum values present in the infragranular layers. The information content in each layer was affected by M1 or S1 inactivation. Also, all layers transferred information to other layers, but infragranular layers transferred the largest amount of information to layer IV. Altogether, these results reveal fundamental differences in the dynamics of neural ensembles recorded across different S1 layers during the different epochs of a tactile task and suggest a fundamental role for both ipsilateral M1 and contralateral S1 in neuronal dynamics of S1 during tactile information processing.
The first evidence supporting our main conclusion is the observation that, during most of the behavioral epochs in which the tactile discrimination task was divided (Krupa et al. 2004; PaisVieira et al. 2013b) , neuronal ensembles, located in different S1 layers, modulated their firing rates in an independent way. In other words, analysis of dynamical state maps, which separated different types of neural ensemble firing rate modulations, revealed that the S1 layers did not uniformly and sequentially process trialrelated information (Nicolelis 2011) . Furthermore, comparison of the neural state maps obtained for the S1 layers and two thalamic nuclei further revealed that, although layer IV neural dynamics resembled those of VPM neurons and S1 infragranular layer neural dynamics mimicked those of POM, thalamic neural state maps alone could not predict the full sequence of dynamic changes taking place in the S1 cortex. Instead, horizontal and cortico-cortical afferents played an important role in shaping the distinct dynamic behavior observed among supragranular, granular, and infragranular S1 layers in freely behaving rats (Fig. 17, A  and B) . Accordingly, our data demonstrate that a simple feedforward model of tactile information processing cannot account for the exuberant dynamic behavior of S1 neuronal ensembles in freely behaving rats engaged in performing an active tactile discrimination task.
In addition to the analysis of state maps, a series of complementary experiments further supported our central conclusion. For instance, following selective inactivation of the contralateral S1 or ipsilateral M1, we documented multiple changes in S1 neuronal firing, which were more prominent in the infragranular layers. There, inactivation of the contralateral S1 induced a shift from POM neural dynamics toward patterns that more closely resemble VPM neural state maps. Meanwhile, M1 inactivation induced an overall reduction in the amount of facilitated firing modulations observed in infragranular neurons (i.e., an overall leftward shift in the space maps). This effect was observed during almost all task trial epochs.
Interestingly, we also observed that the effects of M1 inactivation on the ipsilateral S1 infragranular layer were counterbalanced by a concurrent contralateral S1 block. For instance, in periods where the inactivation of M1 increased the amount of suppressed firing modulations, the inactivation of the contralateral S1 typically reduced this effect. Conversely, when M1 inactivation decreased the S1-suppressed firing modulations, a contralateral S1
Fig. 14. M1 and S1 control the gain of suppressed firing rate modulations in infragranular layers. A: prediction of neural state maps for suppressed firing rate modulations in control conditions using the neural state maps from M1 inactivation (open), S1 inactivation (shaded), or from both combined (solid) indicated that a large increase in prediction can be achieved by combining both conditions. B: prediction of neural state maps for facilitated firing rate modulations in control conditions using the neural state maps from M1 inactivation (open), S1 inactivation (shaded), or from both combined (solid) indicated that only a small increase in prediction can be achieved by combining both conditions (because each condition alone was already a good predictor of neural state maps in control conditions). C: control (gray) and predicted values (blue) for suppressed firing rate modulations during the task. Note that by averaging the effects of M1 and S1 inactivation an overall very good prediction of the fraction of suppressed firing rate modulations in control conditions can be obtained. This suggests that ipsilateral M1 and contralateral S1 control the gain of suppressed firing rate modulations during a trial. D: control (gray) and predicted values (red) for facilitated firing rate modulations during the task. Note that facilitated firing rate modulations from M1 or S1 inactivation conditions alone were already good predictors of neuronal firing rate modulations occurring in control conditions, and the average of the 2 sets of data did not drastically increase the overall prediction. Fig. 15 . Trial-related information processed is layer specific and modulated by cortical loop afferents. The figure shows the average percentage of information above chance decoded by single neurons in each layer. Trial information could be decoded from all S1 layers significantly above chance (open bars). The largest amount of information decoded was from neurons recorded from the infragranular layers. Additionally, inactivation of M1 (shaded) or S1 (solid) differentially affected the amount of information decoded from each layer. M1 inactivation reduced the amount of trial-related information decoded in all layers, and this effect was more pronounced in layer IV. S1 inactivation contralateral to the recording site reduced the amount of trial-related information only in supragranular layers. *P Ͻ0.05, ***P Ͻ 0.001. typically increased it (i.e., upward shifts in the space maps were counterbalanced by downward shifts, and vice versa).
Other physiological measurements allowed us to show that S1 layers behave in very distinct ways from one another in freely behaving animals. For example, the amount of tactile stimulus-related information one could extract from neuronal ensembles varied from layer to layer in the S1 cortex. Not only was this information layer specific, but also it was affected by selective inactivation of M1 or S1. Moreover, PDC analysis (Sameshima and Baccala 1999) revealed that much more information was transmitted from layer V/VI to layer IV neurons than in the opposite direction. This information transfer peaked during the animal behavioral response period.
Technical details. We have grouped S1 layers as supragranular, granular, and infragranular layers, as in previous studies of the same task (Krupa et al. 2004; Pais-Vieira et al. 2013a , 2013b Pantoja et al. 2007; Shuler et al. 2001; Wiest et al. 2005 ). However, it should be noted that physiological differences in our set of data could occur attributable to the existence of further anatomical subdivisions currently not surveyed in the present study. Moreover, it is also possible that additional variability may be introduced because of some of our recording microwires being located within or between barrels in the S1 barrel field. Future studies, where state map response accounts for these refinements, may shed some light on the role of these variables. Despite the possibility that all these factors could influence our results, the overall patterns of neuronal activity observed here were mostly constant for each of the different cortical depths and spatial locations, demonstrating the high level of consistency of our findings.
Layer-specific processing depends on behavioral context. As a rule, neural activity recorded from infragranular and supragranular layers of the rat S1 exhibited complex firing rate modulation patterns that could not be accounted for by simply taking into account the physiological profiles of layer IV neurons. Indeed, the behavior of supragranular, granular, and infragranular layer neurons varied according to the distinct epochs that defined a tactile discrimination task trial. In previous studies, we have shown that, during the anticipatory period, the firing modulations of S1 infragranular layer neurons were fundamentally different from the ones observed in layers II/III and IV (Krupa et al. 2004; Pais-Vieira et al. 2013b; Pantoja et al. 2007; Wiest et al. 2010) . We have also shown that M1 was partially responsible for these specific infragranular neuron-firing patterns (Pais-Vieira et al. 2013b ). Here, we have reproduced and extended these previous findings by demonstrating that neural firing modulations in the infragranular layers of S1 were larger in magnitude, presented longer durations, and encoded more trial-related information than other layers (Krupa et al. 2004 ; Pais-Vieira et al. 2013b). Fig. 16 . Causal information transfer is layer specific. A: partial directed coherence, a measure of information transfer, calculated from local field potential activity, as rats performed the tactile discrimination task, by frequency bands and for specific time periods of the task. Dark red indicates maximum transfer of information, whereas deep blue indicates minimum information transfer. Top: information transfer from neurons in layer IV to neurons in layers V/VI. Bottom: information transfer from neurons in layers V/VI to neurons in layer IV. Although neurons in all layers causally transferred information during the trial (see text for details), neurons in layers V/VI transferred significantly more information to neurons in layer IV than neurons in layer IV transferred to neurons in layers V/VI during all periods of the task (as noted by the overall yellow and red colors of bottom). This information transfer from neurons in layers V/VI to neurons in layer IV peaked during the animal behavioral response period and was more intense in the gamma band. B, top: amount of information transferred between neurons in layer IV and neurons in layers V/VI during the task (active, the same as depicted in the discrimination period in A) or during passive tactile stimulation in anesthetized conditions (passive). No differences were found in the amount of trials with significant information transfer for any of the 4 frequency bands (see text for details). Bottom: amount of information transferred between neurons in layers V/VI and layer IV during tactile discrimination (active, the same as depicted in the discrimination period in A) or during passive tactile stimulation in anesthetized conditions (passive). During anesthetized conditions (passive), neurons in layers V/VI transferred information to neurons in layer IV in a much smaller number of trials compared with the active state. These results suggest that overall information processing in layers V/VI is more affected by active vs. passive conditions than information processing in layer IV.
Because the anticipatory period was not associated with tactile input (Krupa et al. 2004; Pais-Vieira et al. 2013b; Wiest et al. 2010 ) and differences in somatosensory processing have been shown to depend on both behavioral state and context determined by cortical loop modulations from M1 or S1 (Hill et al. 2011; Lee et al. 2013; Pais-Vieira et al. 2013b; Petreanu et al. 2012; Zagha et al. 2013) , it could be argued that the presence of tactile input from the periphery defines a completely different mode of processing in the S1 cortex. To demonstrate that the behavioral context can determine layer processing (Nicolelis 2011), we have described here neuronal firing modulations across S1 layers during a complete sequence of behaviors that included multiple periods with and without tactile stimulation Pais-Vieira et al. 2013b; Pantoja et al. 2007; Wiest et al. 2010) .
As expected, during two periods associated with intense whisker stimulation (i.e., the discrimination and reward periods), layer IV neural state maps depicted primarily facilitated firing rate modulations. Conversely, layer V/VI neurons only exhibited facilitated firing rate modulations during the tactile discrimination period; during the reward period, when facial whiskers were also intensely stimulated by the rat nose poking, infragranular neurons displayed primarily suppressed firing rate modulations. Although it is possible that this suppressed response could simply originate from neurons that stop firing because the animals were immobile, we have not specifically tested this hypothesis. This discrepancy between different types of neural firing modulations in granular vs. infragranular layers during two epochs of intense tactile input suggests that the layer V/VI suppressed firing modulations arise as a result of multiple afferents and not exclusively as a result of layer IV afferents. These findings further suggest that S1 processing depends on cortical loop afferents as much as on exclusive thalamocortical signals from layer IV neurons (Nicolelis 2011) . Additionally, it is important to note that behavioral context may also influence the dynamical interactions occurring between the different layers of S1. We have not addressed this specific possibility in this study.
Layer-specific processing reveals preferential lemniscal or paralemniscal processing. We also observed that VPM and POM neuronal populations generated neural state maps that accounted for most of the firing modulations observed in different S1 layers during all epochs of the task trial. As expected, layer IV neural state maps were more closely related to the VPM, whereas V/VI state maps more closely followed the profile of POM ensembles. Anatomical studies have shown that VPM sends multiple projections to the barrels in layer IV and to layer VI of S1 (Bernardo and Woolsey 1987; Killackey 1973; Lorente de No 1922; Woolsey and Van der Loos 1970) , whereas POM projections to layer IV terminate mostly in the septa (Chmielowska et al. 1989; Fabri and Burton 1991; Koralek et al. 1988; Lu and Lin 1993) . As the area occupied by barrels in layer IV is considerably larger than the area occupied by septa (Meyer et al. 2013; Wimmer et al. 2010; Woolsey and Van der Loos 1970) , the observation that layer IV matches VPM neural state maps is in line with this anatomical data. However, the existence of clear differences between layer IV and VPM neural state maps during the animal behavioral response and reward epochs also suggests that other afferents influence S1 granular layer dynamics. This notion that cortical loop modulations play a fundamental role in preferential lemniscal or paralemniscal modes of processing is further corroborated by the observation that supragranular or infragranular layer neuronal dynamics cannot be predicted solely from the behavior of VPM or POM neural ensembles. If there was no role for cortical loop modulations, one would expect to see layer II/III and V/VI state maps reproducing the overall physiological pattern defined by the lemniscal afferents to layer IV. However, this was not the case. Instead, we observed that, in freely behaving rats, layer II/III Fig. 17 . Summary of physiological findings supporting layer-specific dynamics in tactile discrimination. A: schematics of physiological findings present in state maps from neurons recorded across S1 layers in awake behaving rats performing a tactile discrimination task. Left: when rats were sampling an aperture, all layers presented mostly excited firing rates (ϩ), similar to what was observed in neurons recorded from VPM (red encasing in all layers). Right: during the reward period (which was also characterized by intense whisker stimulation), neurons recorded from layers V/VI alone presented suppressed firing rates (Ϫ), as observed in neurons recorded from POM (green encasing only in layers V/VI). Inactivation of M1 or contralateral S1 demonstrated that cortical loop modulations accounted for multiple firing rate dynamics across all periods of the task. M1 inactivation affected facilitated firing rate modulations, contralateral S1 served as a switch between lemniscal and paralemniscal modes of processing, and M1 and contralateral S1 jointly controlled suppressed modulations. B: table with the main differences found in firing rate modulations (F.R.), neuronal dynamics (i.e., state maps), amount of information encoded across structures, and causal transfer of information between structures. Ant, anticipatory firing rate modulations; Sup, suppressed; Fac, facilitated; Mag, magnitude; Dur, duration. neural state maps differed considerably from those of layer IV during the anticipatory and reward periods. Moreover, during most of the trial epochs (anticipatory, animal behavioral response, and reward periods), layer V/VI neural state maps more closely resembled the neural dynamics determined by a paralemniscal processing mode. Conversely, infragranular layers only approached a preferential lemniscal processing mode during the discrimination period.
In essence, our findings suggest that neurons in each S1 layer are constantly modulated by the asynchronous convergence of multiple thalamocortical and cortical loop afferents and that the preferential mode of processing can dynamically change according to many parameters, like animal behavioral state and expectation, task context, task epoch, reward amount, etc. (Ghazanfar and Nicolelis 2001) .
Lemniscal and paralemniscal pathways have traditionally been considered parallel pathways converging on different S1 targets (Shepherd and Svoboda 2005; Welker 1976; Woolsey and Van der Loos 1970) . However, several lines of evidence support the opposite contention, i.e., that both such systems communicate extensively while receiving information from multiple afferents. Indeed, a recent detailed anatomical study has shown that VPM and POM afferents overlap considerably in the S1 infragranular layers (Wimmer et al. 2010) . In mouse brain slices, it has been proposed that the paralemniscal projection from POM modulates S1, rather than working as a parallel pathway to the lemniscal system (Viaene et al. 2011) . Lastly, we have previously demonstrated that sensorimotor information is distributed widely across the rodent trigeminal system (Nicolelis et al. 1995) and that it can be modulated by M1 (Pais-Vieira et al. 2013b ). These previous observations are in line with our present findings that revealed major physiological differences between granular and infragranular neural state maps.
As a whole, the present study provides support for the hypothesis that the typical lemniscal and paralemniscal modes of processing reflect only the two extremes of a continuous range of physiological states that the entire rat somatosensory system is capable of exhibiting. According to this view, typical lemniscal or paralemniscal processing can predominate at a given moment in time, but, in general, both systems seem to work in collaboration during most of the period in which rats are engaged in a tactile discrimination task. In this context, we propose that, at the level of the somatosensory cortex, neuronal firing modulations are primarily determined by the asynchronous convergence of multiple thalamocortical and cortical loop afferents that generate layerspecific dynamics, rather than simply by thalamocortical processing (Fanselow et al. 2001; Krupa et al. 2004; Nicolelis 2005 Nicolelis , 2011 Pais-Vieira et al. 2013b) .
Bilateral integration controls preferential processing mode. Contralateral S1 inactivation induced multiple effects that were more pronounced at the level of infragranular layers. Bilateral anatomical connections between S1 barrel cortex are most prominent in layers II/III, layer V, and in the septa of layer IV (Welker et al. 1988; White and DeAmicis 1977) . These afferents are thought to be excitatory (Cipolloni and Peters 1983; Giuffrida and Rustioni 1989) . We and others have previously shown in anesthetized rats that S1 neurons in layers V/VI exhibit bilateral whisker responses that are dependent on the integrity of the contralateral S1 cortex (Li et al. 2005; Rema and Ebner 2003; Shuler et al. 2001 ). In awake immobilized rats, we have also demonstrated that bilateral multi-whisker stimulation induces a high level of heterogeneity of bilateral neuronal responses and a strong interaction between synchronous bilateral stimuli (Wiest et al. 2005) . Therefore, our current observation that S1 inactivation reduces facilitated firing rate modulations in the infragranular layers of the contralateral S1 is in line with previous studies demonstrating the importance of bilateral integration in the S1 (Miyashita and Feldman 2013; Shuler et al. 2002) . However, the present study goes further by showing that contralateral S1 has a fundamental role in shaping ipsilateral S1 neuronal dynamics during different epochs of an active tactile discrimination task, something that had not been appreciated before.
In previous studies, we have demonstrated that bilateral S1 integration plays fundamental roles related to tactile processing, sensorimotor integration, learning, and reward (Krupa et al. 2004; Nicolelis et al. 1995; Pais-Vieira et al. 2013a , 2013b Thomson et al. 2013; Wiest et al. 2010) . Here, we are proposing that bilateral integration in S1 may work as a physiological switch between preferential paralemniscal and lemniscal modes of processing at the level of the infragranular layers. This new finding was derived by showing that POM and infragranular layer neural state maps matched each other during anticipatory, animal behavioral response, and reward periods. However, during the tactile discrimination epoch, all S1 layers more closely reflected the VPM neural state map. Further support for this new role for callosal S1 projections was obtained by showing that, after contralateral S1 inactivation, infragranular layer neural state maps exhibited an overall shift toward VPM neural state maps.
The present findings are in line with a previous study in anesthetized rats, where inactivation of S1 contralateral to the recording site more profoundly depressed neural activity in POM than VPM neurons (Li and Ebner 2006) . Because it is known that callosal and thalamocortical projections are distributed in a complementary pattern in S1 (Olavarria et al. 1984) , a possible anatomical substrate exists for the new "switching" physiological mechanism described here. As such, our results suggest that, whereas S1 continuously processes information under both lemniscal and paralemniscal modes, afferents from multiple cortical loops can bias processing from one to another thalamocortical input at any given moment in time. Lastly, note that our present results were analyzed in general patterns that reflect large time scales. These large time scales do not allow identification of whether small millisecond interactions were generated in the cortex or in the thalamus. Further studies, with a more refined time scale analysis, will be required to determine the specific origin (i.e., cortico-thalamic or thalamocortical) of each neural modulation present during the multiple periods of the task.
M1 and S1 influence on infragranular neuronal firing modulations. Inactivation experiments revealed that M1 afferents mediate multiple types of neuronal firing modulations in the infragranular layers of the S1 cortex during each trial epoch. As M1 sends massive inputs to S1 layers V/VI (Miyashita et al. 1994) and has been shown to modulate neurons in these layers in awake and anesthetized animals (Kinnischtzke et al. 2014; Lee et al. 2008; Pais-Vieira et al. 2013b) , our results are in line with these previous observations. Detailed analysis revealed that M1 inactivation was associated with changes in suppressed firing rate modulations that were epoch and layer specific (Pais-Vieira et al. 2013b ). For example, the inactivation of M1 specifically induced opposite effects in suppressed firing rate modulations during the behavioral response or reward periods. Thus, although M1 activity prevented suppressed modulations in infragranular layers during the reward period, the same M1 neurons seem to mediate an increase in layer V/VI suppression during the behavioral response epoch.
Interestingly, the same cortical loop effect mediated by M1 afferents was not observed in the S1 granular layer; during control conditions, M1 was only associated with a larger fraction of layer IV suppression, no matter which trial epoch was analyzed (results not shown). Our data indicate that the level of infragranular layer suppression in the S1 is determined by the interplay of both ipsilateral M1 and contralateral S1 afferents. Thus, despite the fact that ipsilateral M1 and contralateral S1 send excitatory afferents to the infragranular layers (Miyashita et al. 1994; Olavarria et al. 1984) , we observed that M1 or S1 inactivation induces opposite shifts in infragranular layer suppression. In this context, by sharing the control of layer V/VI suppression, the interplay of ipsilateral M1 and contralateral S1 afferents may underlie the dynamic shift between lemniscal and paralemniscal processing modes at the infragranular layers of the rat barrel cortex.
Comparison of the tactile discrimination and reward epochs showed that M1 did not induce the same type of neuronal firing modulations in epochs characterized by the generation of intense tactile-evoked responses in layer IV. During the tactile discrimination epoch, the inactivation of M1 reduced the fraction of neurons with facilitated firing modulations in layers V/VI. This supports the notion that M1 afferents contribute to the emergence of representations of the tactile stimulus and body movements in S1 infragranular layers, generated during active exploration tasks (Pais-Vieira et al. 2013b) .
During the reward period, M1 inactivation on one side reduced the fraction of neurons with facilitated firing modulations in layers V/VI, while raising the fraction of cells with suppressed firing modulations in this same layer. This suggests that M1 afferents normally prevent some form of suppression from being generated during the reward period.
In summary, M1 influenced infragranular layers of the S1 by increasing neuronal activity during both the discrimination and reward periods, while preventing suppression during the reward period. In comparison, inactivation of the contralateral S1 did not induce any significant difference during tactile discrimination but reduced facilitated firing rate modulations during the reward period. Thus, unlike what was observed in the case of suppressed firing modulations, where ipsilateral M1 and contralateral S1 afferents shared the control of gain, ipsilateral M1 afferents seem to affect facilitated firing rate modulations in infragranular layers of S1 during the whole trial, whereas contralateral S1 inputs exert only partial control during the behavioral response and reward periods. Additionally, note that these effects cannot be explained solely by a motor-gating mechanism (Chapin and Woodward 1981) . Although motor gating involves blocking neuronal firing modulations to tactile inputs in the trigeminal nuclei and across S1 layers Woodward 1981, 1982; Lee et al. 2008) , the mechanism described here is associated with facilitated firing modulations in layer IV and suppressed firing modulations in layers V/VI.
These results further support the notion that ipsilateral M1 and contralateral S1 do not operate independently but instead interact with each other in different degrees during each trial period.
Trial-related information is layer specific. We found that all layers of S1 encode trial-related information (Krupa et al. 2004; Pantoja et al. 2007; Pereira et al. 2007; Wiest et al. 2010) and that, after M1 or S1 inactivation, the amount of information that could be decoded varied according to each layer. Inactivation of M1 reduced the amount of information decoded from all layers, whereas the inactivation of S1 reduced the amount of trial information decoded from supragranular layers alone. Although it has been shown that M1 sends few direct inputs to layer IV of S1 (Kinnischtzke et al. 2014) , we have found that, after M1 inactivation, neurons recorded from all S1 layers no longer presented relevant information about the tactile stimulus presented on a single trial basis. Moreover, our analysis of causal information transfer further revealed that, although neurons from all layers exchanged information among themselves, neurons from layers V/VI transferred the largest amounts of information to layer IV. This information transfer, which peaked during the behavioral response epoch (Lapray et al. 2009 ), was carried primarily through the gamma band (Hamada et al. 1999; Jones and Barth 1997; Zagha et al. 2013) . Our results are supported in part by previous studies that showed that propagation of neural activity in the somatosensory (Constantinople and Bruno 2013) and the auditory cortices (Sakata and Harris 2009) starts in the deeper layers.
Conclusions. In conclusion, we propose that cortical loop modulations resulting from the interplay between M1 and bilateral S1 integration significantly contribute to the overall state of the trigeminal system during tactile stimulus information processing. This state is characterized by complex dynamics that are shaped by the behavioral context and can range from an overall lemniscal to an overall paralemniscal processing mode.
